Selective logging is one of the main natural forest harvesting approaches worldwide and contributes nearly 15% of global timber needs. However, there are increasing concerns that ongoing selective logging practices have led to decreased forest product supply, increased forest degradation, and contributed to forest based carbon emissions. Taking cases of natural forest harvesting practices from the Tarai region of Nepal and Queensland Australia, this study assesses forest product recovery and associated carbon emissions along the timber production chain. Field measurements and product flow analysis of 127 commercially harvested trees up to the exit gate of sawmills and interaction with sawmill owners and forest managers reveal that: (1) Queensland selective logging has less volume recovery (52.8%) compared to Nepal (94.5%) leaving significant utilizable volume in the forest, (2) Stump volume represents 5.5% of total timber volume in Nepal and 3.9% in Queensland with an average stump height of 43.3 cm and 40.1 cm in Nepal and Queensland respectively, (3) Average sawn timber output from the harvested logs is 36.3% in Queensland against 61% in Nepal, (4) Nepal and Queensland leave 0.186 Mg C m −3 and 0.718 Mg C m −3 on the forest floor respectively, (5) Each harvested tree damages an average of five plant species in Nepal and four in Queensland predominantly seedlings in both sites, and (6) Overall logging related total emissions in Queensland are more than double (1.099 Mg C m −3 ) those in Nepal (0.488 Mg C m −3 ). We compared these results with past studies and speculated on possible reasons for and potential implications of these results for sustainable forest management and reducing emissions from deforestation and forest degradation.
Introduction
Forests are renewable natural resources that provide multiple goods and services to fulfil societal and environmental wants and needs. Efficient forest production and wise and balanced use are therefore crucial to sustain the supply of these resources. However, numerous challenges exist for efficient forest utilisation, mostly because of the resource trade-offs [1] coupled with ongoing forest harvesting policies and practices [2] . As one of the dominant natural forest harvesting practices, selective logging contributes nearly 15% of the global timber needs [3] [4] [5] and is therefore of global concern to ensure sustainability of global forest benefits. Although only the trees that have a commercial value are removed under this approach, it is argued that insufficient attention has been paid to efficient management of selective logging practices, leading to forest degradation [6] , thereby reducing forest product supply [7] , increasing forest carbon emissions [8] and deterioration of wildlife habitat [3] .
considering the availability of ongoing forest harvesting blocks (Figure 1 ). Since the primary objective of the study was to assess the immediate implications of forest operations on forest product recovery and associated carbon emissions, we selected areas where forest harvesting had already been assigned to the tree harvesting individuals/loggers. 
Data Collection and Analysis

Field Measurements
In both harvest sites, we measured tree diameter at breast height (DBH-measured at 1.3 metres from the tree base and in case of buttresses at that point, up to where bole circumference is relatively clear) and estimated the total tree height (H) of the marked trees (marking was done by the local level forest officials of the Nepal government in the Nepal site and by the harvester himself in the Queensland site) at crown level as these two are the key parameters to determine volume, biomass and carbon of individual tree species [33, 34] . Likewise, we recorded the species name, number and location of the tree to be harvested so that the trees that were marked for felling could be identified and measured after their felling, including the incidental damage they inflicted on the neighbouring trees and undergrowth. Altogether, we measured 72 harvested trees of seven species (Shorea robusta-55, Sissoo (Dalbergia sissoo)-6, Kusum (Schleichera oleosa)-5, Asna (Terminalia tomentosa)-3, Piyari (Buchanania latifolia)-2, Banjhi (Anogeissus latifolia)-2 and Barro (Terminalia belerica)-1) from two community forests and one national forest in Nepal and 55 Spotted gum trees from a privately owned natural forest in Queensland. Detailed measurements carried out on these felled trees were: (i) stump height of the felled tree, (ii) mid-point diameter of the stump height to minimize the effect of taper, 
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Field Measurements
In both harvest sites, we measured tree diameter at breast height (DBH-measured at 1.3 m from the tree base and in case of buttresses at that point, up to where bole circumference is relatively clear) and estimated the total tree height (H) of the marked trees (marking was done by the local level forest officials of the Nepal government in the Nepal site and by the harvester himself in the Queensland site) at crown level as these two are the key parameters to determine volume, biomass and carbon of individual tree species [33, 34] . Likewise, we recorded the species name, number and location of the tree to be harvested so that the trees that were marked for felling could be identified and measured after their felling, including the incidental damage they inflicted on the neighbouring trees and undergrowth. Altogether, we measured 72 harvested trees of seven species (Shorea robusta-55, Sissoo (Dalbergia sissoo)-6, Kusum (Schleichera oleosa)-5, Asna (Terminalia tomentosa)-3, Piyari (Buchanania latifolia)-2, Banjhi (Anogeissus latifolia)-2 and Barro (Terminalia belerica)-1) from two community forests and one national forest in Nepal and 55 Spotted gum trees from a privately owned natural forest in Queensland. Detailed measurements carried out on these felled trees were: (i) stump height of the felled tree, (ii) mid-point diameter of the stump height to minimize the effect of taper, (iii) length and diameters in three sections (large end (dl)), centre of the log (dm) and small end (ds) of each log, and (iv) length and diameter of tops and branches (up to 10 cm diameter) of the harvested trees. All the measurements were taken over bark in both sites.
Calculation of Wood Product Volume Recovery
Based on the field measurements of two key tree measurement parameters, i.e., DBH and height of the standing trees, we estimated the standing tree volume. Then volume of stump, volume of individual log of each tree and woody volume of top head and branches with diameter more than 10 cm was calculated separately. The individual volume of the standing tree was obtained using specific allometric equations in both study sites. In Nepal, we used the equation Ln(V) = a + bln (d) + cln(h) (Ln = natural log base, V = Volume in m 3 , d = diameter at breast height in cm, h = height of tree in meters, a, b and c are coefficients depending on species) [35] and the volume obtained was validated with the local volume table of that specific species in that particular location [36] . In the case of Queensland, we estimated the volume using the equation V = (0.15843 + 0.62113 × H − 0.0062485 × H2) × (B A − 0.00929) (where, V = Volume in m 3 , H = Height of the tree in meter, and BA = basal area in square meters) for Spotted gum [37] .
The volume of individual tree sections after felling was calculated separately. First, the volume of the logs was calculated using Newton's formula; V = 0.00007854(Ds2 + 4Dm + Dl2)L/6) (where, V = Log Volume, 0.00007854 is the conversion factor in m 3 , Ds = Small end diameter, Dm = Mid Diameter, Dl = Large end diameter, L = Length of the log) considering its superior accuracy [38] . Then, stump volume, branch volume and volume of the remaining top parts with 10 cm diameter limit were calculated using the same Newton's formula. The remaining parts of each harvested tree after separating commercial logs were measured and the volume and biomass calculated. The volume of the stump was estimated by applying the general volume calculation formula Vs = πd 2 h 4 (where, Vs = Stump volume in m 3 , d = mid height diameter of the stump in cm and h = stump height in cm). The recovered volume was analysed using the volume recovery index (VRI)-the ratio of harvested/extracted volume to actual volume [39, 40] and presented in quantity and percentage.
Estimation of Sawn Wood Product Recovery
To explore the processing and use of recovered harvested wood products (HWPs), we calculated sawn wood recovery from the sawmills using two approaches. First, we carried out a sawmill survey and interviewed the owners/managers in the sites. Then, the response was verified with reference to earlier studies. In the case of Nepal, we gathered the actual wood product recovery data, taking random samples of log inputs and outputs for six weeks in a company-owned sawmill in the study site (Table 1) . This actual recovery rate was validated against the response of the four other private sawmillers who cited average recovery rate as 55%-65%, considering the recovery of A, B and C grades as 80%, 60% and 40%, respectively.
In the Queensland site, we conducted interviews with two sawmill owners and three harvesters who responded that there was 36%-40% sawn timber recovery for the hardwood species dominated by Spotted gum. To validate this response, we reviewed a number of references that assessed the recovery [27, 28, [41] [42] [43] [44] of native hardwood forests. We referenced 36.3% sawn wood recovery according to the findings of Gavran, Burns, Hug, Frakes, and Gupta [43] after their extensive survey of sawmills in the region. This specific survey result was also cited by the Australian Biomass for Bioenergy Assessment [42] . Likewise, residues after the first stage of processing of sawn timber were estimated following similar methods.
Biomass and Carbon Estimation of Harvest Volume
After calculation of actual total harvest volume and recovered volume, we estimated the total biomass and carbon associated with that particular harvest. For this purpose, stem density is the key and a sensitive factor as this determines the tree biomass [45] . Therefore, the average density of a commercially matured tree of each species was cited in the earlier studies: Forest Resource Assessment of the Department of Forest Research and Survey (FRA/DFRS) [31] , Sharma and Pukkala [35] in the case of Nepal and Maraseni [46] in Queensland. Since the harvested trees were mature (over 30 years of age), the density of Spotted gum in Queensland was taken as 802 kg per m 3 [40] . Stump and stem biomass was obtained by multiplying the respective volume by the species density while the ratio of branches and foliage to the stem was adopted to estimate branch biomass and foliage biomass [35, 44, 46] . Total biomass of stump, stem, branches and foliage made up the total above-ground biomass of the tree. The below-ground biomass was estimated by applying standard international practice [47, 48] and earlier studies of each species. This was 25% of the above-ground biomass in the case of Nepal [49] and 26% (0.259 root shoot ratio) in Queensland [46, 50] assuming all the harvested trees are mature and healthy. Below-ground biomass was then added to the above-ground biomass to obtain total biomass. Extracted total biomass as well as the biomass left on the forest floor was then calculated based on the volume extracted and left on the forest floor. Mass of the carbon in that biomass was estimated using the standard carbon-biomass fraction of 0.47 as suggested by Intergovernmental Panel on Climate Change (IPCC) [48] .
Estimation of Carbon in the Wood Production Chain of Harvested Wood Products (HWPs)
The Paris Agreement on Climate Change in 2016 allows stock and changes of carbon in harvested wood products (HWPs) to be calculated in carbon accounting [51] . Loss of total biomass due to timber harvesting is not considered now as direct carbon loss but is seen as a transfer of carbon from forest stock to the wood products [27] . Therefore, we assessed the changes in carbon stock along the processing chain up to the exit door of the sawmill (also known as primary wood products) using the material flow assessment technique [52] . Extracted volume and biomass from the forest floor and recovery percentage of sawn wood were used as the basis of estimating changes in carbon stock. The estimation method has been discussed above. Key disposal pathways were identified and estimated based on the interview responses of sawmill owners and the studies related to forest residue and carbon storage factors to HWP disposal in landfill [27] .
Estimation of Logging Damage and Associated Emissions
Damage to the residual trees and undergrowth during logging operations is one of the key parameters used to judge the implications of selective logging and its sustainability [53, 54] . Since our study primarily focuses on the implications of tree harvesting practice on biomass and carbon, we assessed the damage made by each harvested tree to neighbouring trees and undergrowth. The extent of damage was categorised as severe (>66% crown lost, broken bole, uprooted trees and poles and completely smashed and uprooted seedlings and saplings), medium (33%-66% crown lost, >100 cm 2 Forests 2019, 10, 693 6 of 19 bole bark removed, trees and poles and partially smashed shoots but roots of seedlings/saplings intact) and finally, normal (<33% crown lost, <100 cm 2 bark removed, trees and poles pressed/affected during operations but can regrow immediately for seedlings/saplings) [55, 56] . We measured DBH and height of the trees and poles of ≥10 cm DBH and their volume and biomass were calculated. For the purpose of our biomass and carbon calculation, severely damaged trees and poles were considered as 100% loss in biomass. For the medium damage category, biomass loss was estimated as 50% whereas normal damages were not considered for biomass calculation. The numbers of seedlings and saplings were counted and averaged to assess the damage to juveniles in each tree harvest in both sites.
To estimate the total logging emissions, we estimated the three different types of emission factors, i.e., extracted log emissions (ELE), emissions due to damaged biomass during the harvesting process (LDF) and emissions due to the infrastructure required for logging, including forest roads, skid trails and logging decks (LIF) as suggested by Pearson et al. [57] . However, we became more specific when estimating extracted log emissions (ELE), and considered changes in the carbon stock and carbon flow along the chain of HWPs rather than considering all the harvested forest biomass as the total carbon loss immediately after harvesting, that is, committed emissions [48, 57] . The total emission factor (TEF) in Megagram carbon per cubic meter of harvested volume (Mg C m −3 ) was calculated as the sum of these three emission factors. Considering the scope of our study, we could not estimate the carbon emissions related to machineries, fuel and energy incurred in the harvesting and processing stage.
Extracted Log Emissions (ELE):
This category covers all emissions related to conversion of a tree into logs and wood products including the ultimate emissions in the wood product utilization chain. With data on the recovery and use of a forest product for a prolonged period, we considered the long-term carbon storage in HWPs after log extraction and then estimated the emissions along the chain [27] . In this process, we deducted the sawn timber recovery from the carbon stock in total extracted logs, assuming that the carbon stocked in those timbers will remain for at least another 46 years as both species are hardwood [46] . Hence, only the carbon stocks in the sawmill residues were considered in the extracted log emissions (ELE) calculation.
Logging Damage Factor (LDF):
The logging damage factor (LDF) represents the total emissions generated at the logging sites due to the accumulation of dead wood from the harvested trees as well as the associated damage to neighbouring vegetation resulting from tree felling [57] . This factor includes carbon in any part of the tree biomass (above-ground and below-ground) left on the forest floor (generally stumps and roots and the top parts of felled trees), tree species killed or severely damaged during harvesting and damage to neighbouring trees during felling activities [58] . This emission is calculated by subtracting the total biomass left on the forest floor and the incidentally damaged biomass from the total biomass of the felled trees.
Logging Infrastructure Factor (LIF):
This category reflects the emissions from the infrastructure built for the purpose of logging and hauling. Emissions from the dead biomass carbon associated with construction of forest roads, skidding trails and logging decks are included in this factor. These emissions are also considered as committed emissions and therefore accounted for in totality at the time of infrastructure development and presented as Mg C m −3 [57] . Since construction of forest roads and decking areas is considered to be deforestation [15] , an area equal to deforestation by such infrastructure is multiplied by the average baseline carbon stocks in the sampled sites and is taken as the total emissions. However, for skid trail emissions, we enumerated all the trails, calculated the area (in km 2 ) and then assessed tree mortality along those trails. 
Results
Growth Parameters and Estimated Standing Volume
Average DBH and height of the harvested trees in Nepal and Queensland varied in a way that average DBH was higher in Nepal compared to Queensland but average height was higher in the Queensland site compared to the Nepal site. Likewise, the variation in size of the harvested trees was greater in Nepal's case compared to the Queensland site. However, little difference was found in the average estimated standing volume per tree in the two sites, with 2.64 m 3 and 2.34 m 3 in Nepal and Queensland, respectively ( Table 2 ). 
Actual Volume and Tree Product Recovery
We found that the average stump height of harvested trees is higher in Nepal than in Queensland. However, the median length of the logs extracted was significantly less (1.85 m) in Nepal compared to the median log size in Queensland which is nearly four times longer (7.2 m). Measurements of every part of the tree after felling and calculation of the volume indicated that stump volume represented 5.5% (0.13 m 3 per tree) in Nepal and nearly 3.9% (0.09 m 3 per tree) in Queensland. Likewise, log volume in Nepal was 80.2% of total actual volume, significantly more than that of Queensland (52.8%), which affected the volume of the tops and branches. Out of the total volume of felled trees (176.9 m 3 in Nepal and 124.5 m 3 in Queensland), 94.5% and 52.8% was recovered, leaving 5.5% and 47.1% tree woody volume as forest residues ( Table 3 ). The result showed that in the Nepal site, an average of 0.13 m 3 woody volume was left on the forest floor from every tree harvested, whereas in Queensland 1.07 m 3 was left per harvested tree.
Sawn Wood Recovery
The Nepal site recovered 61% of the total log volume input at the sawmill as the sawn wood volume whereas in the Queensland site 36.3% was recovered. Despite the better quality of logs in Queensland (all "A" category), the sawn wood return was less than that of Nepal. As a result, the ratio of odd-sized products including offcuts, woodchips and sawdust was higher in Queensland. More than half (63.7%) of the products were categorised as offcuts, odd-sized products, woodchips, and sawdust residue. In contrast, the site in Nepal produced 39.1% as odd-sized products and sawdust residue, as detailed in Table 4 . Table 3 . Actual volume of the trees after felling and tree recovery percentage at each site.
Site
Average 1 Height of the stump left on the ground after felling measured from its base. 2 Volume of the stump calculated based on the mid diameter of the stump (Over Bark) and total stump height π × (D2) × H/4 (D = Stump Diameter in cm, H = Stump Height in cm), and divided by 1,000,000 to convert into cubic meters. 3 Total log volume = Total volume of all logs (Over Bark) in cubic meter sectioned in different lengths as per the market requirement and local practice and calculated using Newton's formula V = S1 + 4Sm + S2/6 × Log length where S1 = Cross sectional area of large end section, Sm = Cross sectional area of midsection and S2 = Cross sectional area of small end section). 4 Tops and Branch Volume = Volume of the remaining section of the felled tree after log separation measured to 10 cm of stem diameter (Over bark). 5 Total volume = Measured total merchantable volume of the harvested trees (Stump volume + log volume + Tops and Branches Volume) up to 10 cm top stem diameter. 6 Extracted total volume that includes all harvested products including tops and branches. * Log inputs of A, B and C graded logs and output percentage in Nepal is estimated based on the proportion of the log input history of Sal-dominated Tarai hardwood species extracted from similar locations by sawmills operating in sites that are similar in terms of machinery, tools, techniques and level of expertise (as explained in the methodology section above). ** Average recovery of sawn timber in Queensland is based on earlier studies and surveys related to availability of forest processing residues from the eucalyptus hardwood species in general and Spotted gum in particular, from sawmills operating in South east Queensland [28, 43] . These reports cited that sawn timber output of logs (70%-80% from Spotted gum species) is 36.3%, sawdust in the hardwood sawmills ranging from 11%-14% (sometimes 16%-25% including fine particles of wood residue) and the remainder as woodchips, hearts, offcuts and other fines. Therefore, for our analysis, we considered the minimum percentage (11%) in the case of sawdust.
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Stock and Recovery of Biomass and Carbon in Product Harvesting
Total (above-ground plus below-ground) biomass of commercially harvested trees (72 in Nepal and 55 in Queensland) was 273.7 and 163.6 tonnes, respectively. Results showed that Nepal extracted 73.3% of the total woody biomass from the forest floor in the form of sawlogs, top heads and branches, whereas Queensland extracted only 32.3% woody biomass in the form of sawlogs. The respective sites left 26.7% and 67.7% of the total biomass in the forest. Nepal left only the foliage, stumps and below-ground biomass in the forest whereas Queensland extracted only the sawlogs and left all other parts on the forest floor (Table 5 ). Accordingly, harvested sites of Nepal and Queensland extracted 73.3% and 29.4% of the total carbon stock leaving 34.4 tonnes and 52.07 tonnes, respectively. * Total biomass of harvested trees including below-ground biomass. In both cases, the above-ground biomass is calculated as the product of above ground stem volume and base density of harvested tree species and then adding crown biomass using the proportion suggested by earlier studies [31, 35] for Nepal and [44] for Queensland. Below-ground biomass is estimated as 25% of the stem biomass considering 0.25 root shoot ratio [59] for Nepal whereas it is taken as 0.26 for the Spotted gum in Queensland [46] . ** Total biomass removed from the forest floor after tree harvest (logs, top heads and branches in Nepal and logs only in Queensland). *** Total biomass left on the forest floor after tree harvest (Stumps, roots and foliage in Nepal and Stumps, roots, top heads, branches and foliage in Queensland). **** Total carbon stock is calculated by multiplying the total (both above-ground and below-ground) biomass by the carbon fraction 0.47.
Results show that Nepal left 0.21 tonnes (0.186 Mg) of carbon per m 3 of extracted wood products in the forest while 0.79 tonnes (0.718 Mg) were left in the Queensland harvested site nearly four times higher than in the Nepal site.
Stock and Flow of Carbon in Log Processing
As stated in Section 3.4, total carbon stock in all the extracted products removed from the forest floor was 94.3 and 24.8 tonnes in Nepal and Queensland, respectively. Despite the higher recovery percentage from total extraction in Nepal, only the sawlogs are forwarded to the sawmill for further processing and the remaining products are sold from the logging yard primarily as fuelwood. Such logs in Nepal comprised only 44.1% of the total carbon while 32.3% was estimated in Queensland logs taken at the sawmill. Considering the carbon stocked in sawlogs as total input, average output of carbon stocked in sawn timber of Nepal was 61% while only 36.3% of the sawn timber was estimated as recovered in Queensland (Table 6 ). 
Harvesting Damage and Associated Carbon Emissions
Damage to Neighbouring Trees and Undergrowth
In Nepal, a total 364 plants at different stages of growth were damaged during harvesting of 72 mature trees where the dominant species was Sal (Shorea robusta). Results revealed that seedlings were the most damaged category followed by saplings, poles and trees. On average, felling a mature tree damaged 3 to 4 seedlings and one sapling. Likewise, the damage harvest ratio for poles is 1 in 3 harvested whereas for trees it is 1 in 5 harvested (Table 7) in Nepal. In the case of Queensland, altogether 188 plants at different stages were damaged during harvesting of 55 commercially mature trees of Spotted gum. Similar to Nepal, seedlings were most damaged with an average of 2.05 per harvested tree followed by saplings in harvest damage ratio of 1:1. However, damage to the trees was slightly higher (one damaged in four harvests) than damage to poles. Average damage to trees in the Queensland site was also higher than in Nepal (Table 7) . While looking at the average per tree damage in the harvesting process, the site in Nepal shows more damage to neighbouring trees and undergrowth with five plants damaged per tree harvest compared to 3.42 plants in Queensland.
Logging Emissions from Each Site
As noted, we estimated total harvest related emissions taking three factors into account: log extraction, logging damage and logging infrastructure. Results revealed that all the emission factors except the infrastructure factor are higher in Queensland than in Nepal. Queensland has significantly higher (~four times that of Nepal) emissions due to excessive wastage of the tree products in the LDF category. The total emissions factor is almost double (1.099 Mg C m −3 ) in Queensland compared to Nepal (0.488 Mg C m −3 ) ( Table 8 ). * Extracted log emissions represent all emissions related to the extraction of forest products and conversion of logs into sawn timber/products. We calculated ELE as the sum of carbon stock in wastage/residue after sawn timber recovery and differences between total extracted products and sawlog input in sawmills, assuming that these products are used as fuelwood within a short time. ** LDF is the total dead biomass carbon left on the forest floor plus biomass carbon lost from the incidental damage to poles and trees with DBH ≥ 10 cm damaged severely (assuming 100% loss) and medium damage (assuming 50% carbon loss). *** LIF is the sum of three key components (forest road factor, skid trail factor and decking factor) calculated based on the area of damage due to the infrastructure and assuming the total carbon stock of that area if that was fully stocked based on the secondary sources. **** TIF is the total sum of all three components i.e., ELE, LDF and LIF.
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In terms of proportionate distribution of total emissions, the Nepal site reflected less variation (within the range of 27.2% LIF to 38.8% LDF) compared to the Queensland site with significant variations from 8.8% in LIF to 71.4% in LDF. Emissions related to extracted products were close to 30% and 20% of the total emission factors in Nepal and Queensland, respectively. More than two thirds of the total emissions (71.4%) in Queensland are related to logging damage and wastage (Table 8) .
Overall, logging damage-related emissions represent the highest proportion in the two study sites.
Discussion
Variations in the range of DBH and the height of harvested trees in Nepal and Queensland could be due to differences in tree felling objectives. In Nepal, tree harvesting is not only for specific purposes such as supplying sawlogs, fencing poles, electricity poles as in Queensland. Since diseased, dying and decayed (3Ds) trees are the first priority in the case of selective logging in Nepal, the size of felled trees varies significantly. Further, fuelwood is important for peoples' livelihoods and therefore, the big, straight trees are not the only targets. Since trees in Queensland were harvested for sawlogs, harvesters selected the mature, big healthy trees resulting in minimal variations in their dimensions.
Some studies have reported that the quantity of selective logging residue varies widely from one to five times the extracted timber indicating a recovery rate as low as 20% [60] . Although the extent of residue depends on the local conditions, researchers have often estimated a ratio of 1:1, that is, a cubic meter of residue for every cubic meter of extracted logs [61] . Table 9 summarises the findings of such studies. Our result for Queensland (52.8%) is close to the findings of earlier studies in similar types of production forests in Australia. However, in the case of private native forests of Southeast Queensland (the current study site), Ngugi, Neldner, Ryan, Lewis, Li, Norman, and Mogilski [32] reported sawlog biomass recovery of only 41.4%, relatively lower than our recovery result. The main reason for the relatively higher recovery rate in our study in Queensland could be the selection of the specific species (Spotted gum) for sawlogs. Harvesters have selected the healthiest and straightest trees and left trees with minimum recovery potential untouched.
Some of the key reasons behind the significant difference in the product recovery rate in Nepal (94.5%) and Queensland (52.8%) could be: (i) differences in livelihood dependency on forest resources, (ii) market demand/standards and maturity in the marketing systems, (iii) costs associated with harvesting and processing, and (iv) royalty systems. Since fuelwood is the key source of energy for the majority of the Nepalese population [70, 71] , utilisation of small stems and the branches supports increased recovery of forest products with negligible wastage on the ground. Likewise, communities use small wood as supporting materials for growing vegetables and other agricultural products on their farm. In contrast, the market and its standards play a dominant role in Queensland. Since the timber market in Queensland is well developed and driven by specific standards, only the commercially saleable logs with particular market requirement (for example: straight bole, round cross section, minimal defects and standard length-minimum of 2.4 m with consecutive differences of 30 cm after that) are harvested [32]. This system is well-tailored to market demand and harvesting operations, exerting a direct impact on recovery rate and product maximization [72] . Moreover, value chain actors are well coordinated and play a key role in policy formulation and in driving practices on the ground [73] . In addition, timber-harvesting operations including transportation, processing and handling costs are much costlier in Queensland than in Nepal. The increased labour cost has been a significant issue influencing the overall timber production chain and recovery. Trees and logs with even minimal defects and minimum deviation in length beyond specific sizes are left on the forest floor because of the costs of handling and transportation. Finally, the royalty system in Queensland is more general and is the same for all hardwoods, not differentiating royalties paid for particular species. However, in Nepal a royalty system is different between species and therefore it has encouraged harvesters to maximize the product volume recovery.
Despite the fact that intensive whole tree harvesting, that is, stem plus harvesting residues, may have long term negative effects on soil fertility, tree growth and ecosystem functioning [74, 75] , optimisation of forest product recovery and utilization is equally important to incentivize the forest owners from an economic point of view and hence needs balanced strategies. The key concern is that the current amount of residues left in Queensland's forests is even more than the quantity of biomass required maintaining environmental functioning of the forests. Ngugi, Neldner, Ryan, Lewis, Li, Norman and Mogilski [32] commented that current harvesting practices in Queensland's native forests have left 22.6% of the additional commercially potential biomass even if we consider retaining 36% of the biomass on the forest floor is necessary for environmental purposes. Our results also support earlier studies [28, 32] which found that the current amount of forest product recovery from private native forests in Queensland is lower than the optimum level. At the same time, there are significant opportunities for utilizing small wood products for the purpose of pulp, paper, small sized veneer or other bioenergy purposes. Prospects for utilizing forest residue as a source of biomass and bioenergy are being discussed in Australia, including Queensland [28, 32, 76] , but are yet to materialize in policies and practices.
Extraction of 73.3% of total woody biomass from the forest indicates a greater potential for carbon to be locked in HWPs in the long run in Nepal. However, nearly 15% of the extracted biomass was used as fuelwood, leading to direct carbon loss within a year or two. Even within that scenario, 44.1% of the total estimated carbon in extracted products remains on the logs in Nepal compared to 32.3% in Queensland. Nearly a five times higher amount of carbon mass was left in the forests (per cubic meter of extracted timber volume) of Queensland compared to Nepal implying that the current policies and practices need attention to explore options to optimize utilization of harvested wood products and consideration of their role in carbon mitigation benefits.
Our findings indicate that the difference in sawn-wood recovery between the countries studied might be due to local practices, to different utilisation purposes, as well as to policies and standards. Sawn wood recovery after saw-milling varies with access to and use of sawing technology, the final products to be produced, local practices of using wood products and the quality of species [28, 61] . Sawn wood recovery of Queensland's hardwood species was found to be slightly lower than the national average for Australia of 40.2% [43] . Likewise, compared to the theoretical average sawn wood recovery of 42% to 50% in general [61] and average sawmill recovery rates of 50.8% in developing countries [77] , our result in Nepal is slightly higher and in Queensland it is lower. Since the final products of the hardwood sawlogs are used primarily for building construction purposes in both countries, use of the products is guided by building codes and standards. For example, in Nepal, the size and quality of logs are relatively flexible due to the variation in size of wooden frames used in building construction compared to Queensland where building codes and standards are more specific and strict.
Likewise, carbon in harvested products is determined by the amount of residues after round wood log processing in a sawmill. We found that, 61% of the total log carbon in Nepal and 36.3% of the total log carbon in Queensland has the potential to be locked up for another 46 years [40, 46] . Carbon stock in sawmill residues is considered to be the complete emissions due to the lack of exact data on the percentage of landfill and short-term uses of those residues. In this scenario, nearly 64% of the log carbon in Queensland and nearly 40% of the log carbon in Nepal will be emitted. However, discussions with sawmill owners and timber users reflect that such residues (mainly the chips and wood dust) are being used for gardens and vegetable farming as well as for animal husbandry.
Damage caused by logging is one of the key determinants of carbon emissions in logging operations and future recovery of harvested sites [78] . The overall logging damage to plant species in our studies was lower (5 and 3.4 plants damaged for each tree harvested in Nepal and Queensland respectively), compared to earlier studies that reported damage to 20 trees in Brazil [79] , 11 trees in Gabon [55] and 7 trees in Congo [80] . The highest figure for damage to seedlings and saplings in these sites is associated with a higher level of regeneration in the harvested area. Nepal had an average of 21,649 seedlings and 1662 saplings per ha [31] whereas Queensland Spotted gum-dominated native forests hosted up to 2500 regenerating stems per ha [81] . The larger trees and minimum regeneration supported minimal damage to the undergrowth and neighbouring trees [53] , whereas in Nepal, the reverse applied with higher regeneration and wider variance in harvested tree size (28-56 cm in DBH and 8-30 m in height). In addition to the amount of regeneration per ha, the higher rate of per tree damage to seedlings, saplings and poles in Nepal compared to Queensland could be attributed to a number of other factors including topography, harvesting techniques such as reduced impact logging-(RIL), and the skills and knowledge of harvesting operators. Harvesters/labourers in Nepal were relatively less aware of harvesting techniques compared to those in Queensland. Nepalese harvesters were working as seasonal labourers rather professional tree harvesters and were not trained in harvesting operations. In contrast, Queensland's harvesters were well aware of the techniques of directional felling and damage minimization and had been engaged in the profession for the last 15 years.
Our results relating to total emission factors in Nepal (0.488 Mg C m −3 ) and Queensland (1.099 Mg C m −3 ) are lower than those reported for the countries listed below (Table 10 ). However, Queensland's total emission factors are higher than those in the Republic of Congo (0.99 Mg C m −3 ) [57] . If we compare individual emission factors, we should find possible reasons behind the lower total emissions in our study. Extracted log emissions (ELE) and logging infrastructure emissions (LIF) play a critical role in lowering the emissions rate. All the above studies measured the total extracted biomass as the committed emissions, but we considered the carbon stock contribution of harvested wood products in the long run and therefore the extracted log emissions (ELE) were relatively lower in our study. In addition, compared to the earlier studies that reported 0.24 to 0.98 Mg C m −3 [57] , LIF in our case study sites was negligible (0.141 and 0.097 Mg C m −3 in Nepal and Queensland, respectively). This may be attributed to the specific field situation and level of mechanization on our sites. In Nepal, forest harvesting blocks were relatively smaller and were very close to the highway, so did not require many skidding trails or hauling roads. Further, a common logging deck was built and utilized for several harvesting blocks and therefore we shared the proportionate contribution of that deck for our sampled block. More precisely, harvesters used manual labour and small tractors to transport the harvested products with minimal infrastructure required. Likewise, in the case of Queensland, harvesters did not construct a separate harvesting deck as logs were piled on the open land adjacent to the forest on the same property, thus minimizing the LIF related emissions.
Emissions related to unextracted wood and incidental damage (LDF) (0.201 and 0.785 Mg C m −3 in Nepal and Queensland respectively) were relatively lower in the case of Nepal but within the range (0.50 and 1.23 Mg C m −3 ) of global studies in the case of Queensland. Similar to the findings of other studies [15, 18, 57] , LDF has dominated the proportion of total emissions in both countries (38.8% in Nepal and 71.4% in Queensland). However, the proportion of emissions varies significantly between these two sites. The reason can primarily be attributed to the rate of forest product recovery. Higher amounts of forest residues on the ground in Queensland became the key determinant of this proportion.
Potential Implications on Sustainable Forest Management and REDD+
In line with the second commitment period of the Kyoto Protocol, the Paris Agreement in 2016 allowed accounting of HWPs carbon locked into different products based on the half-life of their end uses [51] . Moreover, scholars have suggested extending the idea of enhancing carbon stock from sustainable forest management activities to maximizing wood product extraction and utilisation [60] . Since the rate of forest product recovery along the wood production chain guides the level of carbon flux from selective logging operations, our findings will positively contribute to the manifestation of forest-based emission reduction initiatives such as REDD+ in Nepal and the emissions reduction fund (ERF) in Australia.
Our study reiterates that there is a huge potential to increase the forest product recovery rate in Queensland that not only contributes to the transfers and stocks of carbon in harvested products but also supports increased income, employment and sustainability of forest-based industries [32] . The harvesting related carbon is context-dependent, including the harvesting regime and the fate of ultimate wood products. Therefore, changes in the existing pattern of HWP recovery and use will have a significant impact on the carbon balance of Queensland's private native forests. Revision of royalty rates for hardwood species and incentives to utilise small woods and biomass for bioenergy will help to improve the recovery rate in Queensland. Further, offering incentives to the sawmill owners, harvesters and farmers under the activities of the emission reduction fund (ERF) will enhance carbon lock-up in different forms of harvested products. In addition, demonstrations of existing potential through increased recovery and use of the forest residues support a lowering of the risks of forest fire and associated damage at the local level. More importantly, increased wood product recovery has the potential for carbon mitigation by substitution impacts for building materials as well as the production of pulp and paper [27] . For example, using logs as wooden electricity poles helps to reduce greenhouse gas emissions by a further 30% compared to using them as sawlogs [27] .
Realizing this potential in policies and practices may also help to replace the importation of pulp and paper primarily from Southeast Asia that is increasingly impacted by increased forest degradation [27] and will eventually support mitigation of emissions on a global scale. Overall, the results of this study imply that increasing the recovery rate and utilizing biomass and bioenergy of wood residue will enhance the outcome of GHG benefits at least in Queensland, Australia.
For Nepal, our results have opened up an avenue for discussions on the trajectory of forest product biomass and carbon along the timber production chain. Primarily, the findings will help to estimate more accurately the actual logging related emissions as well as carbon stock in harvested wood products. These findings will be most relevant in the context where the country is in the process of implementing the Emission Reduction Program Document (ERPD) approved by the World Bank's Forest Carbon Partnership Facility [83] . Because the sustainable management of community-based forests in the Tarai is the core objective of this document, our study provides a sound basis for identifying monetary and non-monetary carbon benefits to the state and the communities and sets the scene for materializing REDD+ processes. As highlighted in the results, the amount of carbon stocked in harvested wood products and the minimum level of logging emissions in harvesting processes could provide evidence to negotiate for the financial incentives through REDD+ initiatives. These will ultimately support communities who have proven themselves as the real forest stewards in sustainable management of forests. However, further detailed studies with rigorous sampling could help to identify and validate the product recovery and carbon flow in all of the forests of Tarai, especially with the use of the carbon-friendly harvesting techniques the country has had in place for many years.
Conclusions
Our study in two countries with different scales of economy and forest dependence but with a similar approach to native forest harvesting, that is, selective logging, indicates that ongoing harvesting practices of natural forests in Queensland are generating higher amounts of harvesting residues with minimum forest product recovery compared to Nepal. In Queensland, there are higher levels of mechanization and specific codes of practices and standards. However, the level of forest-dependence for socio-economic livelihoods, market demand and well-established market systems, together with costs associated with harvesting operations, processing and handling, the generalisation of royalty rates and more importantly, lack of options to utilise small wood products and biomass for bioenergy are factors in minimising the recovery of forest products. Since the existing recovery-rates have significant negative impacts on the timber product supply and carbon benefits, instituting new policies and practices to reverse the situation should be a priority. Revision of royalty rates for hardwood species and incentives to utilise small woods and biomass for bioenergy emission reduction fund (ERF) initiatives to sawmill owners, harvesters and farmers will enhance forest product recovery rates. In this way, they will lock carbon in different forms of harvested products. Although the result was better in both forest recovery and sawn wood recovery (while comparing the global average) in Nepal, the timely harvesting of mature trees and minimal damage to neighbouring plants may help to stock more carbon in harvested forest products as well as in the forest biomass. Detailed study and documentation of the role of current harvesting and utilisation practices could better support Nepal to promote its contribution in stocking carbon in HWPs and carbon-friendly harvesting practices so that the country could benefit from climate mitigation-related incentives such as REDD+.
